The ant Atta robusta is endemic to the "restinga" ecosystems where it has an important role in the dynamics of seed dispersal. Despite its importance, A. robusta is considered a threatened species. In this study we analyzed the antennal sensory organs of two different populations of A. robusta (from the cities of São Mateus and Maricá in in Espírito Santo and Rio de Janeiro States, respectively) using a scanning electron microscope (SEM). SEM revealed different types of sensilla in the A. robusta antennae, i.e., curved and straight trichoid, basiconic, ampullacea and coeloconic, which were highly abundant found in the distal flagellomeres (F) compared with other antenna regions. There were differences in samples collected from two locations in terms of the sensilla number and length. The average numbers of straight and curved trichoid sensillae numbers were different in F9 and F8, respectively, while the average length of the curved trichoid sensilla was only different in F9. These variations in sensory organs between two populations of A. robusta may indicate an adaptation of this species to different environmental conditions. The number of straight trichoid sensilla was only significantly different in F9.
Introduction
Ants have complex social organization and their colonies may be formed of millions of individuals from different castes (Evison and Ratnieks, 2007) . This organization is facilitated by communication using chemical signals, which are received and processed by their brain that can result in mechanical responses (Reviewed by Chapman, 1998) . Many different types of chemical signals can be sensed from the environment (Billen, 2006) , which are received by sensorial structures or sensilla (Kleineidam et al., 2000; Ozaki et al., 2005) .
Sensilla are found in different regions of insects including the antennae, including social insects, such as bees (Silva-de-Moraes and Cruz-Landim, 1972 ). There are also several different types of sensilla, which are classified according to their shape and size. Generally speaking, the most common types of sensilla of hymenopterans are trichoid and basiconic, which are involved with mechanical and chemical perception (Renthal et al., 2003; Ozaki et al., 2005; Rocha et al., 2007; Spaethe et al., 2007; Onagbola et al., 2008) .
The morphology and abundance of antennal sensilla may vary depending on the insect family (Hashimoto, 1991) , subspecies (Stort and Moraes-Alves, 1999) , caste (Nakanishi et al., 2009) , and developmental stage (Silva et al., 2010) . The types and size of sensilla may also vary depend upon the geographical distribution of insects. For example, different patterns of trichoid and basiconic sensilla numbers were described in different populations of Rhodnius prolixus (Stål, 1859) (Heteroptera, Reduviidae, Triatominae) sampled from east and west of the Andes Mountains (Esteban et al., 2005) . These differences suggest that the geographically isolation of the populations was associated with the numbers of antennal sensilla (Esteban et al., 2005) .
The genus Atta are known as leaf-cutting ants. This genus is widely distributed throughout the American continent where it is considered a major agricultural pest. They subsist mostly on fungus they cultivate on leaf tissues. Atta robusta is ecologically important as a key seed disperser in the restingas (coastal sand-dune habitats) of the Brazilian states of Rio de Janeiro and Espírito Santo (Teixeira et al., 2004; Teixeira, 2007) .
The genus Atta includes leaf-cutting ants and is widely distributed throughout the American continent where it is considered a major agricultural pest, subsisting mostly on fungus they cultivate on leaf tissues. On the other hand, several species of Atta are ecologically important as seed dispersers. For example, Atta robusta is ecologically important as a key seed disperser in the restingas (coastal sand-dune habitats) of the Brazilian states of Rio de Janeiro and Espírito Santo (Teixeira et al., 2004; Teixeira, 2007) .
Despite the importance of A. robusta in the restingas, it is considered to be a threatened species (Machado et al., 2003) . Several aspects of the ecology of A. robusta have been studied (Teixeira et al., 2004; Teixeira, 2007) , but there have been no previous studies of the morphology of A. robusta sensorial organs. Thus, the current study used scanning electron microscopy (SEM) to investigate comparatively the microanatomy and distribution of antennal sensilla in two different populations of A. robusta for the first time. The results provided an overview of the types, size and number of the antennal sensillae of this species, showing that characteristics of these structures can vary depending on the geographical regions.
Materials and Methods

Samples
Adult workers of A. robusta were collected from an underground nest in the restinga near the city of São Mateus (SM: Espírito Santo State, Brazil) (39°74'60" S, 18°68'23" W) and another nest in the restinga near the city of Maricá (M: Rio de Janeiro State, Brazil) (42°88'92" S, 22°94'58" W). Samples were placed in 70% ethanol and transferred to Laboratório de Biologia Celular e Molecular at Universidade Federal de Viçosa, Viçosa, MG, Brazil.
SEM
The right antenna was removed from ten A. robusta workers from each population (SM and M) for SEM analysis. The antennae were washed with PBS (phosphate buffered saline) and dehydrated in an ascending series of acetone (50-100%). They were then subjected to critical point drying, mounted on aluminum stubs, and metallized using a sputter coating device. Samples were observed using a LEO VP1430 SEM at Núcleo de Microscopia e Microanálise (Universidade Federal de Viçosa).
Analysis of the antenna
Measurements of the antennal scape, pedicel and flagellum were taken from A. robusta workers antenna. In addition, sensilla from the dorsal surface of the last three flagellomeres (F7, F8, and F9) were classified according to the morphological criteria specified by Silvade-Moraes and Cruz-Landim (1972) and papers therein. These three flagellomers were choose based in the previous assumption that sensilla are concentrated in these insect antennal parts that are also the most exposed (Villela et al., 2005) . Finally, the straight and curved trichoid sensilla (the most abundant) were counted.
Statistical analyses
Sensilla were counted in three antennal areas (14.870 mm 2 /flagellomere) using the Adobe Photoshop CS program and the average count from these three areas was considered for statistical analysis. We measured the length of 20 straight trichoid sensilla in the three last flagellomeres (F7, F8 and F9) using the program Image-Pro Plus (Media Cybernetics). Data were tested by analysis of variance (ANOVA) at p < 5%, using the SAEG program.
Results
SEM analysis showed that the antenna of A. robusta worker was geniculate and it was composed of three basic segments, i.e., the scape, pedicel, and flagellum, which had average lengths of 3.13 mm, 0.45 mm and 3.74 mm, respectively. The flagellum is formed of nine flagellomeres (F1-F9), which had an average length of 0.38 mm, with the exception of the last one where the average was 0.67 mm ( Figure 1A) .
A detailed inspection of the antenna dorsal surfaces of the A. robusta workers from two different populations [São Mateus (SM) and Maricá (M)] indentified several different types of sensilla, which are described as follows: (1) Trichoid: characterized by a tapered end, with two subtypes, i.e. (1.1) straight trichoid was the most common, which was slightly curved and more abundant in the last flagellomere (F9); and (1.2) long curved trichoid were also abundant in F9 and they had a curved end ( Figure 1B) ; (2) Basiconic: were less common and they had a thick base with no tapered end, while they were thicker than the trichoid sensilla. We refer to them as digitiform (finger-like) sensilla; (3) Ampullacea: with a prominent elliptical depression and a central opening and (4) Coeloconic: with small round openings and less prominent edges compared with ampullacea. Ampullacea and coeloconic sensilla were found exclusively at the end of F9 (Figure 2 ). The average numbers of straight trichoid sensilla per area (14.870 mm 2 /flagellomere) were as follows: F7 = 3.2 ± 0.32, F8 = 9.1 ± 0.35, and F9 = 19.1 ± 1.32 in individuals from SM; and F7 = 2.5 ± 0.24, F8 = 8.5 ± 0.41 and F9 = 15.7 ± 0.64 in individuals from M. The number of sensilla was only different in F9 (F = 0.0335, p < 0.05) ( Figure 3A) .
The average length of the straight trichoid sensilla were: F7 = 27.1 ± 0.3, F8 = 26.7 ± 0.26, and F9 = 25.4 ± 0.33 mm in individuals from SM; and F7 = 26.6 ± 0.24, F8 = 26.6 ± 0.28, and F9 = 25.5 ± 0.4 mm in individuals from M. Thus, the lengths of the sensilla did not differ from F7-F9 between the two populations (data not shown).
The average numbers of curved trichoid sensilla per area (14.870 mm 2 /flagellomere) were: F7 = 56.0 ± 1.90, F8 = 50.8 ± 1.71, and F9 = 70.2 ± 3.35 in individuals from SM; and F7 = 59.8 ± 1.73, F8 = 57.7 ± 1.45, and F8 = 70.5 ± 2.39 in individuals from M. Thus, the sensilla numbers were only different in F8 (F = 0.00644, p < 0.05) (Figure 3B). The average length of the curved trichoid sensilla were: F7 = 64.3 ± 1.25, F8 = 61.5 ± 1.22, and F9 = 47.5 ± 0.93 mm in individuals from SM; and F7 = 62.6 ± 1.05, F8 = 58.5 ± 0.96, and F9 = 44.3 ± 0.82 mm in individuals from M. The sensilla lengths were only different in F9 (F = 0.02148, p < 0.05) ( Figure 3C ).
Discussion
Sensilla are sensorial organs and several are associated with communication among social insects and their interaction with the environment (Billen, 2006) . This study is the first attempt to describe and provide a comparative analysis of the antennal sensorial organs from A. robusta, which is an important seed disperser, from two restingas in the states of Rio de Janeiro and Espírito Santo (Brazil).
Different types of sensilla were described using SEM in the last three flagellomeres of A. robusta, i.e., curved and straight trichoids, basiconic, ampullacea, and coeloconic. This antennal sensilla diversity has been commonly reported and it is well characterized in other species of ants (Kleineidam et al., 2000; Ruchty et al., 2009; Nakanishi et al., 2009; Siddiqui et al., 2010) . They represent a fraction of the many sensilla that have been previously described in other hymenopterans (i.e., trichoid, basiconic, coeloconic, chaetic, ampullacea, campaniform, and placoid) (Hashimoto, 1990; Renthal et al., 2003; Marques-Silva et al., 2006) .
Curved and straight trichoid sensilla were the most abundant in A. robusta antennae, which are usually considered as mechanoreceptors (Baaren et al., 2007) . The basiconic sensilla were the least abundant, although they were found more frequently in F9 compared with F7 and F8, while they are typically found only in female ants (Nakanishi et al., 2009 ). The ampullacea sensilla were found at the end of the final flagellomere (F9) on A. robusta antennae and their morphology was markedly different from other sensilla types. They were very small sensory hair-like structures contained in a cuticular depression, or ampoule, which was connected to the external environment via a cuticular duct (Kleineidam et al., 2000) . The ampullacea sensilla of Atta are considered to be associated with the detection of the CO 2 concentration within nests (Kleineidam et al., 2000) . The coeloconic sensilla were also found exclusively on F9 and they are associated with thermoperception in Atta vollenweideri (Forel, 1893) (Formicidae) (Ruchty et al., 2009) . Euzébio, DE., Martins, GF. and Fernandes-Salomão, TM . Phenotypic polymorphisms, such as variations in body size, have been reported in populations of ants from different geographical regions, e.g., Pheidole morrisi (Formicidae) (Yang et al., 2004) . However, differences in the sensorial organs of a single ant species from different geographical regions remains little explored. The variation in the length and number of trichoid sensilla between the two populations we studied has also been reported for other insects, e.g., Triatominae (Villela et al., 2005) . This variation may be attributable to adaptations to the specific sensorial requirements of different habitats and geographical distribution (Catalá et al., 2004) . It might also be related to phenotypic plasticity, because genetically similar organisms may have different phenotypes depending on environmental variables (Carreira et al., 2006; Marteleto et al., 2009) .
Although both of the study populations of A. robusta came from the restingas, they differed in terms of their antennal sensorial organs. The curved trichoid sensilla (considered to be mechanoreceptors) were larger and less abundant in F7 and F9, respectively, in samples from SM, whereas the straight trichoid sensilla were less numerous in F9. These differences could be a result of the adaptation of these insects to different environmental conditions, which is commonly found with other insect body parts (Carreira et al., 2006; Marteleto et al., 2009 ). However, this needs to be clarified in future studies.
In spite of the difference observed in the A. robusta sensillae number and size, our preliminary results based on mtDNA sequencing suggested that despite the large geographical distance (707 km) between these two A. robusta populations they had low genetic variability (Euzébio et al. unpublished data) . So, these morphological differences in the sensorial organs might represent phenotypic plasticity (Catalá et al., 2004 , Carreira et al., 2006 , Marteleto et al., 2009 , that could result from different environment conditions these two A. robusta populations are submitted.
The antennal sensilla are important sensorial organs for insect communication and survival, and they are in constant contact with the environment (Iwasaki et al., 1995; Nakanishi et al., 2009 ). The environmental conditions may affect living organisms differently, so it is important to develop conservation plans for this species where it is considered threatened. Atta robusta is endemic to the restingas, which are threatened by deforestation and possible housing development. The Brazilian sea coast has different types of restingas, which they are not homogeneous in terms of their flora and fauna (Pereira et al., 2001; Afonso et al., 2007; Rocha et al., 2005) . The preservation of this ecosystem is strategically important for A. robusta and other species that live in this environment, which is of social and economic importance to human populations.
